Background and Purpose-Multidetector-row CT (MDCT) is emerging as a new tool for diagnosing aortic atherothrombotic disease (AAD). We elucidated whether MDCT-detected AAD is associated with an increased risk of early ischemic lesion recurrence on diffusion-weighted MRI after ischemic stroke. Methods-A consecutive series of patients with acute ischemic stroke confirmed using diffusion-weighted MRI who were hospitalized within 48 hours after symptom onset and underwent MDCT were identified in a prospective stroke registry database. AAD on MDCT was defined as the presence of plaque formation that was noncalcified and Ն4 mm thick, ulcerative, or soft and thrombosed (vulnerable) in the proximal aortic arch. Ischemic lesion recurrence on diffusionweighted MRI was defined as the occurrence of any new lesion separate from the index lesion on follow-up diffusion-weighted MRI performed within 14 days after symptom onset. 
R ecurrent stroke is highly prevalent among stroke survivors and is a major cause of morbidity and mortality in these patients. 1 Aortic atherothrombotic disease (AAD) with a plaque of Ն4 mm thickness located proximal to the ostium of the left subclavian artery is strongly associated with cerebral embolism. [2] [3] [4] Moreover, the incidence of recurrent brain infarction in patients with aortic plaque thickness of Ն4 mm has been reported to be 9.1% to 11.9% per year, suggesting that AAD may be a significant risk factor for recurrence. 5, 6 However, AAD is not regarded as a potential source of embolic stroke in clinical practice or in classifying ischemic stroke subtypes, 7 partly due to the fact that there is relatively little evidence to guide therapeutic decisions for preventing stroke recurrence in patients with AAD. 8 Another important reason is that the diagnosis of AAD is difficult without the use of transesophageal echocardiography (TEE). However, TEE has several limitations as a diagnostic tool and is not always feasible in acute stroke settings. 9, 10 The recently introduced 64-multidetector-row CT (MDCT) is a powerful tool that enables rapid, noninvasive, and specific diagnosis of aortic pathology. 11, 12 Recent studies show that MDCT is comparable to TEE in measuring plaque thickness, discovering ulceration, and evaluating plaque characteristics. 13, 14 However, the role of MDCT-detected AAD in stroke recurrence has not yet been investigated.
Studies have reported that early ischemic lesion recurrence on diffusion-weighted imaging (DWI) occurs in approximately 40% of patients within 1 week after stroke onset and is a surrogate marker of late recurrence. 1, 15 Therefore, the purpose of this study was to determine whether AAD diagnosed by MDCT is associated with early ischemic lesion recurrence on DWI in patients with acute ischemic stroke.
Materials and Methods

Study Population
This was a retrospective study of patients with acute ischemic stroke admitted to Seoul National University Bundang Hospital between May 2007 and April 2008. Patients with ischemic stroke who were admitted within 48 hours of onset, who had relevant lesions on DWI, and who underwent MDCT were recruited from our prospectively collected stroke registry database. During the study period, MDCT was performed mainly for 2 purposes: (1) to identify the embolic source in patients with a clinical history or radiological findings suggestive of cardioembolic etiology but with no evident embolic source; or (2) to screen high-risk patients for coronary heart disease.
We excluded patients who did not undergo follow-up DWI or who had other neurointerventional procedures including conventional angiography that could provoke the recurrence of ischemic lesions on follow-up DWI. The demographics, vascular risk factors, and other clinical profiles including Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification 7 were gathered directly from the prospective stroke registry database and by electronic medical record review. The Institutional Review Board approved this study.
Assessment of AAD Using MDCT
MDCT protocols were adopted from our previous study that suggests the etiologic role of AAD detected by MDCT in patients having possible embolic stroke. 16 Patients with a heart rate of Ͼ70 beats per minute received 10 to 30 mg intravenous esmolol (Jeil Pharm Co Ltd, Seoul, Korea) before MDCT. Electrocardiography-gated MDCT was performed using a 64-slice MDCT scanner (Brilliance 64; Philips Medical Systems, Best, The Netherlands). A standard scanning protocol was applied with 64ϫ0.625-mm section collimation, 420-ms rotation time, a tube voltage of 120 kV, and an effective tube current of 800 mA. All scans were performed using electrocardiography-gated dose modulation. An 80-mL bolus of iomeprol (Iomeron 400; Bracco, Milan, Italy) was intravenously injected (4 mL/s) followed by a 50-mL saline chaser. To identify aortic atheroma, we additionally performed delayed nongated scanning from the upper border of the aortic arch to the descending thoracic aorta, including the entire heart. AAD was diagnosed if the aortic plaque met at least 1 of the following criteria associated with the development of ischemic stroke probably involving an embolic mechanism: (1) Ն4-mm-thick noncalcified plaque adjacent to the aortic wall with a transverse projection 17, 18 ; (2) ulcerated plaque 19 ; or (3) vulnerable plaque. 3 Ulcerated plaque in the aortic arch was defined as extension of the contrast medium beyond the vascular lumen into the surrounding plaque with a wide orifice (Ͼ3 mm). 20, 21 These were adopted from TEE criteria because MDCT-based criteria have not yet been established. 2, 3 Using a cutoff of 180 Hounsfield units, plaques were classified as either calcified or noncalcified for analysis purposes. Calcified aortic plaques (which are less lipid-laden) have been reported to have a lower risk of plaque rupture, thrombus formation, and embolization. 14, 18 Vulnerable plaque was defined as a protruding atheroma with a clearly visualized area of hypoattenuation (Ͻ80 Hounsfield units) that would be mainly composed of a soft or thrombotic mass. 17, 18 The typical MDCT findings of AAD are shown in the Figure. Because plaques in the ascending aorta and proximal arch are more likely to be a source of cerebral embolism than plaques in other regions, we focused on these 2 areas of the thoracic aorta.
Two experienced cardiovascular radiologists (S.I.C. and E.J.C.), who were blinded to the clinical information, independently reviewed all of the MDCT images using a 3-dimensional workstation (Brilliance; Philips Medical Systems). After independent evaluations, a consensus was reached to obtain a final MDCT diagnosis. Interobserver agreement for diagnosing AAD was excellent (Cohen ϭ0.89).
MRI Protocols and Assessments of Ischemic Lesion Recurrence by DWI
According to the institution's standard protocols, all eligible patients with acute ischemic stroke underwent a MRI scan at presentation and a follow-up scan within 1 week of hospitalization. Ischemic lesion recurrence on DWI (DWI-LR) was defined as the presence of a newly developed ischemic lesion on the follow-up DWI located outside of the index lesions on the initial DWI. Enlargement of the initial ischemic lesion was not considered a new lesion. New lesions were determined by slice-to-slice comparisons between the initial and follow-up scans. Two neurologists (W.-J.K. and Y.K.), who were blinded to the clinical information, reviewed all of the MRI scans that were obtained within 14 days after stroke onset. After independent evaluation for the presence of DWI-LR, any discrepancies were resolved by consensus (ϭ0.86).
Clinical Outcome Assessment
Patients were contacted at 3 months and 1 year after stroke onset by telephone interview as a part of our institution's quality-of-care monitoring program for hospitalized patients with stroke. An experienced stroke nurse (M.H.Y.), who was blinded to the presence or absence of AAD, was responsible for assessing stroke recurrence and/or death using a structured questionnaire. Deaths were verified by obtaining information from a national death certificate system.
Statistical Analysis
Continuous variables are expressed as meanϮSD, whereas categorical variables are presented as absolute values and percentages. Patients with and without AAD were compared to identify potential clinical correlates for stroke recurrence. We used Student t test or the Mann-Whitney U test to compare means, Pearson 2 test or Fisher exact test to compare proportions, and Mantel extension test to verify the existence of a linear trend. To express the association of AAD with DWI-LR, ORs and their 95% CIs were calculated using multiple logistic regression analysis. Variables identified in bivariate analyses as showing a possible association (PϽ0.2) with the presence of AAD were selected for adjustment. The dose-response relationship between plaque thickness and DWI-LR was examined using a likelihood ratio test for trends. Time to stroke recurrence and mortality rates after discharge were estimated using the KaplanMeier product-limit method and were compared for patients with and without AAD using log-rank tests. Probability values Ͻ0.05 were considered statistically significant.
Results
During the study period, 470 patients with acute ischemic stroke were admitted to our hospital within 48 hours after onset: 458 (97.4%) underwent DWI at presentation, whereas 392 (83.4%) had relevant ischemic lesions on DWI. Of these 392 patients, 235 (59.9%) received MDCT for identification of embolic sources or screening for coronary disease. Baseline characteristics were not significantly different between the MDCT and non-MDCT groups (Supplemental Table I ; http://stroke.ahajournals.org) except for undetermined cause of stroke (23.4% versus 14.6%) and age (66.3Ϯ12.6 versus 69.1Ϯ13.2 years). Forty-three patients (18.3%) with no follow-up DWI and 54 (23.0%) who had neurointerventional procedures were excluded from the study. A total of 138 patients was ultimately enrolled in this study.
The overall prevalence of AAD was 17.4% (24 of 138). The clinical characteristics of patients with and without AAD are presented in Table 1 . Patients with AAD were significantly older (71.8 versus 66.8 years, Pϭ0.025) and also more frequently had strokes of undetermined etiology (45.8% versus 22.8%, Pϭ0.028) compared with those without AAD. However, the proportions of stroke having cardioembolic sources and the regimens of acute treatment (antithrombotic drugs administered on admission) were not significantly different. The median interval of performing MDCT from the index event was identical (ie, 2 days [interquartile range, 1-4]) in both groups. No difference in laboratory findings (white blood cell counts, C-reactive protein, low-density lipoprotein cholesterol) was noted.
Follow-up DWI revealed ischemic lesion recurrence in 26.8% (37 of 138) of patients with the median interval from the initial DWI to the follow-up scan being 5 days (interquartile range, 4 -6 days) in patients with DWI-LR. Among those 37 DWI-LR cases, 6 (16.2%) were associated with neurological deterioration.
The incidence of DWI-LR was significantly higher in patients with AAD than in those without AAD (50.0% versus 21.9%, PϽ0.01; Table 2 ). The incidence of symptomatic DWI-LR was also higher in the AAD group than in the non-AAD group (12.5% versus 2.7%, Pϭ0.03).
Regarding plaque thickness, there was no significant linear trend with the incidence of DWI-LR (Pϭ0.19 on Mantel- 
Haenszel
2 test for trend; Table 2 ), and both crude and adjusted ORs included the null value (Table 3) . However, when we separated noncalcified plaques from calcified ones and adopted the calcified plaque as a reference, the incidence of DWI-LR increased significantly by the increase of thickness in the noncalcified plaque (Pϭ0.01); the risk of DWI-LR was Ͼ4-fold in the noncalcified plaque with Ն4 mm thickness compared with the calcified plaque (Tables 2 and 3) . Calcification was reported to be a surrogate marker for stable plaque with a low risk of cerebral embolism. 18 The presence of vulnerable or ulcerated plaques was also significantly associated with DWI-LR. The crude ORs were 3.56 (95% CI, 1.43-8.89) for AAD, 3.21 (1.11-9.30) for vulnerable plaque, and 3.37 (1.27-8.95) for ulcerated plaque (Table 3 ). The association with DWI-LR remained significant after adjustment for age, hypertension, stroke subtypes, and total cholesterol.
Information about stroke recurrence and death was available for 136 patients (98.6%). Stroke recurred in 3 of 24 with AAD versus 3 of 112 without AAD (12.5% versus 2.7%, Pϭ0.04 using the log-rank test). Four of 24 with AAD died within 1 year versus 8 of 112 without AAD (23.6% versus 7.1%, Pϭ0. 15 ).
Discussion
Our study shows that AAD identified using MDCT is associated not only with ischemic lesion recurrence captured by DWI within several days after the onset of ischemic stroke, but also with clinical recurrence. Its association with stroke recurrence was not remarkable, partly due to the small sample size and that with mortality rate within 1 year after onset was not significant. Using an alternate method for diagnosing AAD and stroke recurrence than those of previous TEE studies, 5, 6 this study proved the significance of AAD as a potential risk factor for stroke recurrence.
According to the Stop Stroke Study TOAST (SSS-TOAST) system, 22 which was recently developed for the purpose of improving TOAST, 7 AAD is now regarded as an embolic source with a low or uncertain risk. Our study revealed that a large proportion of patients who were categorized as undetermined etiology by TOAST criteria 7 had AAD (11 of 37 [29.7%]; Table 1 ). We previously showed that AAD may be a potential risk factor for embolic stroke, particularly in patients without evident embolic sources. 16 From these results, the presence of AAD should be considered in patients with ischemic lesion recurrence who have no relevant arterial pathology or embolic sources.
Ischemic lesion recurrence on diffusion-weighted MRI has an important clinical implication; it can serve as a useful surrogate end point in clinical trials evaluating stroke prevention therapies. 1 Although most recurrent ischemic lesions on MRI are clinically silent, they are assumed to have the same pathophysiology as clinical recurrence. 1 In our study, the recurrence was identified by follow-up DWI irrespective of the development of new neurological symptoms that were mostly asymptomatic (31 of 37 [83.8%]). Although it is well known that the presence of aortic plaques with Ն4 mm thickness is a strong risk factor for embolic stroke, 2, 3, 14 the association between plaque thickness and DWI-LR was not statistically significant on 2 test for trend (Table 2 ). However, after distinguishing calcified plaques from noncalcified ones and then using calcified plaques as a reference group, an independent dose-dependent relationship with DWI-LR by trend analysis was evident (Tables 2 and 3 ), and we demonstrated that composition and thickness play important roles in plaque stability. This finding agrees with the findings of the French Study of Aortic Plaques in Stroke. 3 Although MDCT has some advantages in evaluating AAD, which could be attributable to its ability to reconstruct high-quality multidimensional images and enable retrospective review with the same quality of reproducibility, 17, 18 high doses of radiation exposure and contrast medium are the most serious obstacles when using MDCT for patients with possible embolic stroke. Furthermore, MDCT is a static imaging modality that cannot evaluate plaque mobility, a factor that is highly suggestive of thrombus and also important in risk stratification. Newer-generation MDCT systems with submillimeter collimation could provide improved image quality 18 and more reliably differentiate thrombi from soft plaques.
Cardiac MRI has several advantages: it provides contrast between different tissue types thereby revealing morphological components of the atherosclerotic plaque (ie, calcification, fibrocelluar tissue, lipid, and thrombus) as well as hemodynamic information. 23, 24 However, compared with CT, MRI has a longer scan time, which makes monitoring patients during scans more difficult. Therefore, cardiac MRI may not be suitable for patients who are critically ill. Moreover, patients who have ferromagnetic implants, particles, pacemakers, and claustrophobia cannot undergo MRI. 14 For these reasons as well as cost, cardiac MRI has limitations for use as a standard tool for evaluating cardioembolic sources in acute stroke.
Identification of AAD by MDCT would be helpful for making therapeutic decisions to prevent stroke recurrence. Because AAD induces intravascular embolization of thrombi, anticoagulation therapy was initially used to prevent recurrence in patients with severe aortic plaques. 14 Studies have demonstrated that warfarin is not harmful and may be useful in preventing cerebral embolism in patients with AAD. [25] [26] [27] However, a recent study reported that randomization of warfarin and aspirin did not affect stroke recurrence or death in patients with AAD. 28 Further research is warranted before anticoagulation may be accepted as standard treatment for preventing embolism in AAD. We also expect that the new generation of anticoagulants such as dabigatran 29 may help prevent stroke in patients with AAD. Statins can also provide another therapeutic option. There has been no randomized trial to date in this area, but in an observational study of 519 patients with severe aortic plaques, statins were used to prevent recurrence. 30 A prospective randomized clinical trial is ongoing in patients with atherothrombosis of the aortic arch and a recent cerebral or peripheral embolic event (Aortic Arch Related Cerebral Hazard Trial [ARCH]). 31 This study aims to compare the efficacy and tolerance of 2 antithrombotic strategies, 75 mg clopidogrelϩ75 mg aspirin versus warfarin (international normalized ratio, 2-3). We hope that the ARCH trial or a similarly designed future trial may provide new evidence in treating high-risk AAD.
This study has a few limitations. First, it was a single hospital-based retrospective study with a relatively short follow-up period and a small sample size. Second, we selected patients for MDCT with the goal of evaluating coronary disease or embolic sources. The risk of selection bias was inevitable, which may have contributed to the relatively high prevalence of AAD in this study. Third, the lack of validity of the AAD criteria should be noted; due to a lack of published MDCT criteria for AAD, we used TEE criteria in this study.
Conclusions
To the best of our knowledge, this is the first study to report an association between AAD and DWI-LR, a surrogate marker of stroke recurrence. Our results suggest that MDCT is a useful tool to diagnose AAD in patients suspected to be at risk of embolic stroke. Comprehensive efforts to evaluate stroke mechanisms can reduce the uncertainty and improve the accuracy of assessing the risk of stroke recurrence. 
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